The effects of postgrowth rapid thermal annealing on the electronic states in a relatively long wavelength ͑ϳ1.3 m͒, self-assembled InAs/ GaAs quantum-dot structure are investigated. We combine optical and electrical experiments, i.e., photoluminescence ͑PL͒ and deep-level transient spectroscopy ͑DLTS͒ measurements, to identify the underlying physical processes responsible for the changes in the PL spectra at different annealing temperatures. Physical parameters of the intrinsic and deep-level states are quantitatively determined in the DLTS experiments. These include the thermal excitation energies, densities, and their changes with the annealing temperature. We observe that the densities of the deep levels that coexist in the quantum-dot layer decrease and a new deep level, about 0.62 eV below the GaAs conduction band edge, is formed at elevated temperatures. Both effects explain the variations in the PL spectra. Moreover, beyond what can be revealed in the PL experiments, the DLTS spectra show a more complex electronic structure of both optically active and inactive states.
I. INTRODUCTION
Self-assembled semiconductor quantum dots ͑QDs͒, created by Stranski-Krastanov growth mode, have been intensively studied because of their importance in fundamental physics and in device applications.
1-3 Although better device performance, such as larger differential gains and lower threshold-current densities of QD lasers than those of quantum-well lasers, has been expected because of the deltafunction-like QD density of states, 4 the nonuniformity of size distribution of QDs as well as the deep levels in the QD structures have hampered these advantages and constituted a technical barrier for the development of QD-based devices. As a way of tuning the device properties, postgrowth rapid thermal annealing ͑RTA͒ has been applied to the semiconductor quantum dots, and the induced structural and optical changes were studied by using transmission electron microscopy ͑TEM͒ and photoluminescence ͑PL͒. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Commonly observed effects of the annealing on self-assembled QD structures are the blueshift and enhancement of the PL emissions in the temperature range between 600 and 800°C and the decrease of PL intensity at higher annealing temperatures due to the degradation in the material quality. 7, 8, 12 However, recent experiments have also shown a monotonic reduction of PL intensity by postgrowth annealing beginning at a temperature of about 600°C. 13, 14 There has not been a broad consensus on the differences largely because of the lack of quantitative information about the energies and densities of intrinsic QD states and defect states in the studied structures.
Such information is difficult to obtain in optical experiments alone. The mechanisms underlying the variation of the PL spectra are therefore yet to be clarified. In recent years, an increasing number of optical experiments have suggested the possibility that electronic deep levels might exist around or in QDs, evidenced by both the static and time-resolved PL measurements. [16] [17] [18] [19] [20] Such deep levels are most likely originated from point defects, which are difficult to observe directly by microscopes such as TEM. Due to their generally nonradiative nature, static PL experiments could provide neither confirmation nor direct information of possible deep levels, such as energy levels and concentrations. However, the change of such coexisted deep levels at different annealing temperatures is likely to strongly influence the PL spectra. 21 Despite much effort, the effects of RTA on deep levels have not been studied systematically and quantitatively to provide information on the changes in the defect concentrations, any introduction of nonradiative defects, the variations of the intrinsic QD states during RTA processes, etc. Such information is important for physical studies and optimizations of electronic and optical devices based on self-assembled QDs.
Compared with the optical approaches, deep-level transient spectroscopy ͑DLTS͒ is an electrical space-charge technique and has recently been used to characterize QD structures. [22] [23] [24] [25] [26] [27] It allows reliable determination of both the spatial and energy positions of intrinsic QD states as well as nonradiative deep levels. 28 In this work, we combine optical and electrical experiments to study the influence of RTA on a self-assembled InAs/ GaAs QD structure using PL and DLTS techniques. At a series of annealing temperatures, the effects of RTA on the optical spectra are found to be closely linked with the variations of both the intrinsic QD and deep-level a͒ Author to whom correspondence should be addressed; electronic mail: a.song@manchester.ac.uk states. Compared with the PL spectra, the DLTS data are more complex, revealing a number of electronic states varying with the annealing temperature and particularly the formation of a new deep level ͑0.62 eV͒. The new deep level becomes dominant in the whole spectra at certain annealing temperatures.
II. EXPERIMENT
The QD structure investigated in this study was grown by molecular beam epitaxy ͑MBE͒. The InAs QDs were sandwiched by two 0.4-m-thick Si-doped ͑n =2 ϫ 10 16 cm −3 ͒ GaAs layers on a ͑100͒ n + -GaAs substrate. The growth was performed under the conditions that were tailored to yield large InAs QDs at a growth temperature of 480°C so that the emission wavelength is close to that desirable for fiber communications. The GaAs matrix was grown at 580°C. The resulting quantum-dot density was around 3 ϫ 10 9 cm −2 , as determined by imaging uncapped samples using an atomic force microscope, and is in the same order of magnitude as the density estimated from the DLTS signals. Samples were proximity capped and RTA treated in nitrogen ambient for 60 s at temperatures ranging from 500 to 800°C in a step of 50°C. Although there was most likely some As loss from the surface after the proximity annealing, no obvious change in the sample surface was observed. Furthermore, the capacitance-voltage measurements of the annealed samples showed similar doping profiles, indicating that the effect of As loss due to annealing on the Schottky contact and electrical properties may not play an important role here.
The PL measurements were performed at room temperature ͑RT͒ with laser excitation at a wavelength of 532 nm. The signal was dispersed by a monochromator and collected using an InGaAs detector in the wavelength range between 900 and 1500 nm. A charge-coupled device ͑CCD͒ detector was used for the shorter wavelengths. For the purpose of comparison, low-temperature PL measurements were also performed in a helium cryostat with laser excitation at 633 nm. The signal was detected by a N 2 -cooled Ge detector and amplified using conventional lock-in techniques. In the DLTS measurements, the common Ohmic contact was fabricated by alloying Au-Ge-Ni/ Au on the back of the samples and the Schottky contacts, 1 mm in diameter, were defined by evaporating Al on the top surface.
III. RESULTS AND DISCUSSION
The large size of the dots correlates with a strong QD PL emission from the as-grown sample at about 1.26 m shown as RT PL peak 1 in Fig. 1͑a͒ . It corresponds to the ground states of the QD system. 29 Another RT PL peak appears at about 1.18 m, referred to as peak 2 in the spectrum, which is due to the recombination of the first excited state electrons with the first excited state holes. 29 The QD PL signal at a low temperature of 12 K in Fig. 1͑b͒ is almost the same as that at room temperature except a small blueshift of peak positions due to the increase of the band gap and a less pronounced second peak. Actually, we observed only about 30% of reduction in PL peak intensity as the device was cooled to 12 K, which suggests that the quantum dots are indeed very optically active. The low-temperature PL spectra of the annealed QD samples are not included here because they similarly show little difference from the room-temperature results. Figure 2͑a͒ shows the room-temperature QD PL spectra from the samples annealed at different temperatures. In order to quantitatively study the influence of RTA, the PL spectra have been fitted with Gaussian curves as shown in Fig. 1͑a͒ . The PL peak positions and intensities are plotted as a function of annealing temperatures in Fig. 3͑a͒ . The QD PL intensity decreases with the increasing annealing temperature up to 600°C and then stabilizes up to 700 C, suggesting an introduction of nonradiative paths in the structure which will be confirmed by the DLTS experimental data in Figs. 4 and 5. The interdiffusion of In and Ga atoms at the interface between the QDs and GaAs barrier occurs only when the annealing temperature rises beyond 700°C, as revealed by the onset of the blueshift of the QD and wetting-layer PL peaks in Fig. 3 . 6, 8, 12 The interdiffusion also causes a reduction of the confinement potential in the QDs and therefore more photogenerated carriers in QDs to be thermally emitted into the wetting layer and/or GaAs continuum. 30, 31 This results in the decrease of the QD PL intensity and the increase of the PL signals from the wetting layer and GaAs matrix at temperatures higher than 700°C, as clearly shown in Figs. 3͑a͒ and 3͑b͒. Because two different detectors were used, an InGaAs detector for the QD PL signal in the wavelength FIG. 1. Room-temperature ͑a͒ and low-temperature ͑b͒ photoluminescence spectra of the as-grown QD sample. The dash lines in ͑a͒ show the deconvolution of the QD PL peak by fitting with two Gaussians.
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Lin et al. J. Appl. Phys. 100, 043703 ͑2006͒ range between 1000 and 1500 nm and a CCD detector for the PL signal from wetting layer and GaAs matrix in the shorter wavelength range, it is, however, difficult to determine whether the integrated PL intensity increased or decreased. Typically, the PL peak due to the InAs wetting layer is stronger than that due to the GaAs matrix because of the better carrier confinement in the wetting layer. 6 In Fig. 2͑b͒ , however, the wetting-layer PL intensity is much weaker than that of the GaAs matrix. Such seemingly contradiction can be accounted for by the coexistence of deep levels with QDs in the InAs wetting layer, which is revealed by the DLTS spectra in Fig. 4͑a͒ . 27 The nonradiative nature of the deep levels may play an important role in reducing the PL efficiency in the wetting layer. The pronounced peak at about 50 K is attributed to the electron emission from the intrinsic QD states. Our previous measurements on the reverse-bias dependence of the DLTS spectra reveal that the deep levels shown by the 115 and 250 K peaks are localized in the InAs wetting layer, whereas traps 1 and 2 are bulk defects commonly presented in MBE-grown GaAs layers which are not important in our discussion here due to their low concentrations. 27 The coexisting deep levels with the QDs are most likely some type of point defects caused by the strain field during the lattice-mismatched growth process.
When the applied reverse bias V r is much beyond −3.0 V, the electron emission from the QDs is more dominated by tunneling, which is rather temperature independent and hardly visible in the DLTS spectra. The dependence of the DLTS peak of the intrinsic QD states on the annealing temperature is therefore determined at a reverse bias of V r = −3.0 V. The result in Fig. 4͑b͒ shows that the DLTS peak at around 50 K decreases as the annealing temperature increases and eventually vanishes after annealing at temperature higher than 700°C. Up to 700°C, the PL peak does not show an obvious shift, suggesting that no interdiffusion has occurred. The decrease of DLTS amplitude might be due to the introduction of new created defects at 600°C, which will be confirmed later and shown in Fig. 4͑c͒ . When the annealing temperature increases beyond 700°C, the interdiffusion of In and Ga atoms at the interface between the QDs and GaAs barrier occurs, as evidenced in the PL spectra in Fig.  2͑a͒ . The interdiffusion lowers the QD confinement barrier, which results in more direct electron tunneling from the QD quantum states to the GaAs continuum. Annealing at even higher temperatures ͑Ͼ800°C͒ may dissolve the QDs and significantly modify the material composition of the wetting layer.
12 This is indeed supported by the observations of the disappearance of the QD DLTS peak and quenching of the room-temperature QD PL. Therefore, the overall behavior of the PL spectra at different annealing temperatures seems to be explained and in good agreement with the variations of the electronic states revealed in the DLTS spectra.
To study the effect of RTA on other electronic states, particularly the coexisting deep levels as well as any new defects created during the RTA processes, which are not op- tically active and hence not revealed in the PL spectra, we perform the DLTS measurements at a reverse bias of −4.5 V in Fig. 4͑c͒ . Under this condition the DLTS peak related to the intrinsic QD states disappears because electrons in the dots directly tunnel out to the GaAs conduction band, at a rate much higher than the thermal emission. As the annealing temperature increases, new defects are introduced in the structure as shown by the remarkable increase of the DLTS signal at around 275 K. These new defects do not exist in the as-grown sample and become fully developed after annealing at 600°C. Both the sharp annealing-temperature dependence and the high densities of the defects are remarkable. Figure 5͑a͒ shows a full DLTS spectrum of the new defects in the sample after annealing at 750°C. The strong DLTS peak appears at around 340 K with a much weaker one on the side. The Arrhenius plot, shown in the inset of Fig. 5͑a͒ , yields a thermal excitation energy of 620 meV for the main DLTS peak. Moreover, the peak amplitude is found to have a logarithmic dependence on the duration of the filling pulse in the range from 10 −6 to 10 −3 s, as shown in Fig.  5͑b͒ . The logarithmic dependence is characteristic of extended defects, such as dislocation-related traps, and is attributed to the Coulombic repulsion of the carriers captured at the traps. 32, 33 We speculate that the formation of the extended defects occurs along with a redistribution, merge, and/or elimination of point defects. 34 The introduction of the new defects and the probable redistribution of the coexisting point defects into the QD islands could explain the observed decrease in the PL emissions from the intrinsic QD states and InAs wetting layer after annealing at temperatures up to 700°C, which is shown in Figs. 3͑a͒ and 3͑b͒ . Furthermore, the introduction of defects into the QDs might be responsible for the decrease of the DLTS signal from the intrinsic QD states below 700°C in Fig. 4͑b͒ when no interdiffusion occurs.
To identify the origin of the new deep levels at FIG. 4 . ͑a͒ DLTS spectra of the as-grown sample at various reverse biases using a rate window of 200 s −1 . ͑b͒ and ͑c͒ show the temperature dependence of DLTS spectra at a rate window of 200 s −1 at reverse biases V r = −3.0 and −4.5 V, respectively. The DLTS peak at about 50 K is attributed to the intrinsic QD states. Referring to the DLTS peak positions, the two pronounced peaks related to the coexisting deep levels in the InAs wetting layer are referred to as the 115 K peak and 250 K peak, respectively. Traps 1 and 2 are attributed to bulk defects.
FIG. 5.
Characteristics of the new defects created by annealing. ͑a͒ A full DLTS spectrum after annealing at 750°C at a rate window of 200 s −1 . The inset shows the Arrhenius plot of the main DLTS peak. ͑b͒ The DLTS peak amplitude as a function of the filling-pulse length.
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Lin et al. J. Appl. Phys. 100, 043703 ͑2006͒ 620 meV, we also perform DLTS measurements to study the influence of annealing on a reference sample, which contains a 1.2 ML ͑monolayer͒ InAs wetting layer but no quantum dots. The reference sample was grown with exactly the same layer structure and under the same condition as the QD sample. Figure 6 shows the annealing-temperature dependence of the DLTS spectra of the reference sample at a reverse bias of −5.0 V. The two pronounced peaks have been previously studied and identified as deep levels located in the InAs wetting layer. 27 They have the same origins as the corresponding peaks in the QD sample in Fig. 4͑a͒ and are most likely caused by the strain field during the latticemismatched growth process. However, unlike the DLTS spectra of the QD sample in Fig. 4͑c͒ , no obvious increase of the DLTS signal at around 275 K is observed in the reference sample at annealing temperatures of both 700 and 800°C. This indicates that the new deep levels are associated with the QDs. The DLTS signals of the annealed reference samples become slightly negative on both sides of the 240 K peak in Fig. 6 . The reason is not clear but may be due to acceptor levels introduced by the annealing process. The monotonic decrease in the QD PL intensity with the increasing annealing temperatures is in agreement with the observations by Lee et al. 13 and Raghavan et al. 14 and is attributed to the formation of nonradiative defects in the structure. The DLTS measurement here provides more direct information about the characteristics of the newly created defects than previous optical experiments. The thermal activation energy can be accurately determined in the Arrhenius plot, and the corresponding density can be calculated from the DLTS peak amplitude. However, an increase in the intrinsic QD PL signal with the annealing temperature was also reported in the literature. 7, 8, 12 Since no DLTS experiments were carried out in these experiments, the defect types and concentrations in these QD structures were not clear. The different increase and decrease in PL intensities in the previous experiments are most likely because of the differences in detailed growth conditions. The amplitude of the DLTS peak at 115 K in the QD sample is proportional to the density of the related deep levels in the InAs wetting layer:
Here, ⌬C is the DLTS peak amplitude, C the steady state capacitance at the reverse bias, n T the sheet density of the deep levels, x T the distance between the top Schottky contact and the plane where the deep levels are located, w the depletion depth at the reverse bias, and N d the doping concentration. Figure 7 shows that the density of the deep levels that coexist in the QD layer starts to decrease when the annealing temperature reaches 650°C, which is slightly lower than the onset annealing temperature, 700°C, of the PL blueshift observed in Fig. 3͑a͒ . For the PL to show obvious blueshift, a rather significant interdiffusion into the QD centers might be necessary. At 650°C, the interdiffusion may have just started at the interface between the QDs and the wettinglayer material, which is detectable in the DLTS spectra but not clearly revealed in the PL results. At 700°C, however, the interdiffusion seems to have occurred inside the QDs as suggested by the blueshift. The drop of the DLTS signal at 115 K suggests that when the interdiffusion starts, the number of defects is reduced in the InAs wetting layer. Furthermore, the interdiffusion causes the potential depth of the QDs to reduce, allowing more carriers to populate the wetting layer. Both factors may explain the observation of the enhancement of the PL signal from the wetting layer shown in Fig. 3͑b͒ . Unlike the 115 K DLTS peak, it is difficult to quantify the density of the deep levels corresponding to the 250 K peak because of the mixture of trap 2 and the influence of the RTA-induced extended defects. For the 340 K peak, a close look at Fig. 4͑c͒ reveals that the disappearance of trap 2 and the formation of the extended defects occur at almost the same time, making an accurate determination of the defect density difficult. Furthermore, there is weaker DLTS peak on the side of 340 K peak. The detailed evolution of these different types of defects during thermal annealing processes seems to be rather subtle and complex, which requires further experimental as well as theoretical investigations.
IV. CONCLUSIONS
In conclusion, we have studied the effects of thermal treatments on the optical and electrical properties of a self- 
